RESEARCH
T he lack of potable water around the world is cause for government-enacted restrictions on landscape water use, even in regions not prone to drought. Demonstration of water conservation by turfgrass managers may protect water rights for turfgrass irrigation. To conserve water, turfgrass irrigation strategies must be more clearly defi ned. Current irrigation conservation strategies focus on evapotranspiration (ET) and soil moisture; however, monitoring plant refl ectance off ers conservation opportunities.
Evapotranspiration, a combination of water evaporation from soil and transpiration from a plant, is infl uenced by the environment, plant, and management practices (Allen et al., 1998) . Irrigation scheduling for turfgrass based on the replacement of a percentage of ET, defi cit irrigation, has been successful. Acceptable turf quality has been maintained in creeping bentgrass (Agrostis stolonifera L.) when irrigated at 80% actual ET during the summer (DaCosta and Huang, 2006; Sass and Horgan, 2006) . Irrigation at 60% actual ET during the summer did not maintain acceptable turf quality in creeping bentgrass and colonial bentgrass (Agrostis capillaris L.), but did in velvet bentgrass (Agrostis canina L.). During the fall, creeping,
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ABSTRACT
Turfgrass irrigation strategies must be clearly defi ned in response to increasing concerns over quality water availability. Water conservation may be achieved with technologies such as remote sensing. The objectives of this research were to (i) correlate refl ectance measurements from creeping bentgrass (Agrostis stolonifera L.) under stress with volumetric water content and turf quality measurements, (ii) determine if remote sensing can detect plant stress before visual observation, and (iii) explore the infl uence of nitrogen fertility on water stress detection. Four experiments were conducted in the 2006 and 2007 growing seasons on 3-m 2 creeping bentgrass plots maintained under fairway conditions at the University of Minnesota agriculture campus. Treatments were irrigation at 20, 40, 60, and 80% of predicted evapotranspiration every 3 d on plots fertilized with 98 or 244 kg N ha -1 yr -1
. Refl ectance measurements from two remote sensors were more highly correlated (r = 0.73-0.91) than refl ectance and turf quality (r = 0.42-0.71) or refl ectance and volumetric water content (r = 0.28-0.64). Refl ectance measurements detected water stress 0 to 48 h before visual observation across all treatments and experiments. Nitrogen did not infl uence the ability to detect drought-stressed turfgrass. Use of remote sensors to monitor and detect drought stress has the potential to improve turfgrass irrigation and ultimately conserve water.
colonial, and velvet bentgrasses maintained acceptable turf quality at 40% actual ET (DaCosta and Huang, 2006) . Similar ability to irrigate at less than 100% replacement of ET and maintain acceptable visual quality has been found in tall fescue [Lolium arundinaceum (Schreb.) Darbysh. = Schedonorus arundinaceus (Schreb.) Dumort.] and hard fescue (Festuca brevipila Tracey) (Fry and Butler, 1989) . Defi cit irrigation can lead to reduced water use compared to 100% ET replacement, daily, or visually based irrigation scheduling (Sass and Horgan, 2006) . However, greater water conservation is possible, because ET measurement does not typically occur on site-specifi c management units.
Site-specifi c management units may be monitored by collecting soil moisture data. Soil moisture as volumetric water content (VWC) can be measured with gravimetric, neutron attenuation, γ ray attenuation, time domain refl ectometry (TDR), and capacitance methods. Time domain refl ectometry, one method used to measure the soil dielectric constant, measures the time for an electrical current to fl ow through parallel probes inserted into the soil (Robinson et al., 2003) . With this information, soil VWC can be calculated with a calibration equation. Initial research on TDR showed it is not infl uenced by temperature changes, soil density, texture, or soil salt content (Topp et al., 1980) . Robinson et al. (2003) stated that clay soils, organic matter, electrical conductivity, soil water layers, soil contact, and temperature aff ect TDR. An evaluation of soil moisture under hybrid bermudagrass [Cynodon dactylon (L.) Pers. × C. transvaalensis Burtt-Davy] irrigated daily revealed that TDR probes arranged vertically with a probe length of 200, 400, 600, and 800 mm were valuable in measuring daily water fl uctuation. Further, TDR accurately estimated soil water in hybrid bermudagrass irrigated every 6 d (Young et al., 1997) . Irrigation scheduling can be accomplished with soil moisture data by replacing the water lost over a given time period. This could lead to potential water savings. The use of soil moisture sensors is likely to be limited, because measurement at multiple depths is needed in each management unit.
Remote sensing is the measurement of refl ected electromagnetic radiation without contacting an object's surface (Knipling, 1970) . In plants, red refl ectance is generally low due to absorption by pigments. Infrared refl ectance is generally high because of cell structure in the leaf (Knipling, 1970; Woolley, 1971) . Turfgrass research has examined the eff ect of irrigation (Fenstermaker-Shaulis et al., 1997; Park et al., 2005; Baghzouz et al., 2006; Xiong et al., 2007; DettmanKruse et al., 2008) , nitrogen (Bell et al., 2002a; Baghzouz et al., 2006; Kruse et al., 2006; Xiong et al., 2007), mowing (Fitz-Rodriguez and Choi, 2002) , disease (Nutter et al., 1993; Green et al., 1998; Raikes and Burpee, 1998; Rinehart et al., 2002) , wear (Trenholm et al., 1999; Jiang et al., 2003) , traffi c (Guertal and Shaw, 2004) , cultivars, and species Carrow, 2005, 2007) on refl ectance. Repeatedly these studies have found refl ectance correlation with turf quality, increased visible refl ectance with increasing turfgrass stress, and decreased to variable near-infrared (NIR) refl ectance with increasing turfgrass stress (Nilsson, 1995; Green et al., 1998; Guertal and Shaw, 2004) . This agrees with other research on non-turfgrass species, which reported stressed plants have increased red and variable infrared refl ectance compared to healthy plants (Knipling, 1970; Carter, 1993) . Plant stress can be quantifi ed with the normalized diff erence vegetation index (NDVI), which is calculated by [(nearinfrared refl ectance − red refl ectance)/(near-infrared refl ectance + red refl ectance)] (Rouse et al., 1974) .
Turfgrass research on irrigation and nitrogen has shown refl ectance responds to these inputs. Fenstermaker-Shaulis et al. (1997) and Baghzouz et al. (2006) found the NDVI decreases as tissue water content decreases in tall fescue and annual ryegrass [Lolium perenne ssp. multifl orum (Lam.) Husnot] . The NDVI also decreases as tissue nitrogen concentration decreases in annual ryegrass (Baghzouz et al., 2006) . Low nitrogen levels caused greater visible and lower NIR refl ectance compared to higher nitrogen levels in creeping bentgrass and annual ryegrass (Kruse et al., 2006; Baghzouz et al., 2006) . Xiong et al. (2007) , studying the eff ect of nitrogen and irrigation on bermudagrass refl ectance, found NDVI generally increased as irrigation and nitrogen rate increased. Refl ectance and turf quality was correlated in bermudagrass [Cynodon dactylon (L.) Pers.], seashore paspalum (Paspalum vaginatum Swarz.), zoysiagrass (Zoysia japonica Steud.), St. Augustinegrass [Stenotaphrum secundatum (Walt.) Kuntze], and tall fescue under drought stress and in annual ryegrass, Kentucky bluegrass (Poa pratensis L.), tall fescue, and hybrid bluegrass (Poa arachnifera Torr. × P. pratensis L.) under defi cit irrigation (Jiang and Carrow, 2005; Lee and Bremer, 2006; Baghzouz et al., 2006) . Refl ectance has also been correlated to visual quality in creeping bentgrass and annual ryegrass under nitrogen treatments (Kruse et al., 2006; Baghzouz et al., 2006) . Park et al. (2005) , studying hybrid bermudagrass under irrigation treatments, found refl ectance sensors detected stress before visual observation. A study of creeping bentgrass and perennial ryegrass under varying levels of defi cit irrigation indicated prediction of soil water content might be possible with refl ectance data (Dettman- Kruse et al., 2008) .
Remote sensing could improve water conservation in contrast to using ET or soil moisture to schedule irrigation, because it can factor microclimates and potentially identify drought-stressed areas (Park et al., 2007) . Therefore, remote sensing could facilitate variable irrigation on site-specifi c management units. However, research evaluating creeping bentgrass refl ectance under water stress and varying nitrogen rates for correlation with turf quality, early stress detection, and the eff ect of other inputs on stress detection has not been documented. The objectives of this study were to (i) correlate refl ectance measurements from creeping bentgrass Nitrogen treatments were maintained on the same plots throughout the two growing seasons. Lesco's Poly Plus Sulfur Coated O-diethyl O-(3,5,6-trichloro-2-pyridinyl 
Data Collection
Data were collected on the plots at 0800 h and 1400 h during the experiments. At each rating time, three refl ectance measurements were collected with a LI-COR Biosciences experimental active turf quality sensor (LI-COR, Lincoln, NE), GreenSeeker Hand Held Unit (NTech Industries, Inc., Ukiah, CA), and Field Scout TCM 500 "RGB" Turf Color Meter (Spectrum Technologies, Inc., Plainfi eld, IL). The LI-COR sensor, as described by Park et al. (2005) , recorded refl ectance under stress with volumetric water content and turf quality measurements, (ii) determine if remote sensing can detect plant stress before visual observation, and (iii) explore the infl uence of nitrogen fertility on water stress detection. 
MATERIALS AND METHODS

Treatments
Treatments of predicted evapotranspiration (pET) and nitrogen fertility were arranged as a 4 by 2 factorial in a randomized complete block design with three replications. Predicted ET treatments consisted of replacing 20, 40, 60, and 80% every 3 d. Nitrogen fertility was applied at 98 or 244 kg N ha -1 yr -1 . Reference evapotranspiration (ET o ) estimates using FAO 56, an ET estimation model, were generated using hourly weather data collected from a nearby weather station (Allen et al., 1998) . Previous work by Sass and Horgan (2006) indicated the crop coeffi cient (k c ) for creeping bentgrass in Minnesota was 0.98 (standard error of 0.02). This is within the range of crop coeffi cients for creeping bentgrass in Nebraska, 0.60 to 1.31, published by Salaiz et al. (1991) . A k c of 1 was selected for this research; therefore, pET equaled ET o .
Irrigation was applied at 0400 h to reduce the eff ect of wind. Predicted ET was determined at 1800 h the day before irrigation for the previous 72 h. Irrigation run times were calculated by multiplying the treatment volume by the irrigation system precipitation rate. The precipitation rates were 0.48, 0.48, 0.48, and 0.45 mm min -1 for Experiments 1 to 4, respectively. Run times were rounded to the nearest minute per irrigation controller requirements. A log of the necessary and actual run times was maintained and balanced during the experiments. Catch cups were also used to determine irrigation variation and maintain irrigation accuracy throughout each experiment.
Irrigation treatments were maintained on the plots until wilt occurred on an individual replication, at which time all three replications of the treatment were ended to save the plots for subsequent experiments. To maintain the integrity of the irrigation treatments a rain shelter from Big Top Manufacturing (Perry, FL) was manually moved over the plots before predicted precipitation and removed after precipitation events. The shelter was 15.85 by 15.24 m with a 1.22-m sidewall, 3.66-m center, and covered in 0.51-kg PVC-laminated vinyl fabric. Predicted precipitation was determined with local weather forecasts and radar. The shelter was never over the plots for more than 24 h during the dry downs and the shelter did not aff ect irrigation when over the plots.
within red and NIR wavelengths at two wavebands. The specifi c wavebands cannot be published for proprietary reasons. The sensor-collected refl ectance from approximately a 0.6-m diameter circle (LI-COR). Sensor calibration was performed by collecting 90 refl ectance measurements on a photographic gray card (18% refl ectance in all wavelengths). The average red and NIR measurements were divided by the refl ectance of the gray card (0.18) to obtain correction factors (0.0899 for red and 0.4322 for NIR). Corrected refl ectance measurements were obtained by multiplying the red and NIR values collected in the fi eld by the correction factors. The corrected refl ectance measurements were used to calculate the NDVI. The GreenSeeker Hand Held Unit collected red (~660 nm) and NIR (~770 nm) refl ectance and recorded the NDVI. The Field Scout TCM 500 "RGB" Turf Color Meter measured red (625 nm), green (556 nm), and blue (458 nm) refl ectance and recorded a grass index [4(R Blue )/(R Red − R Blue )] (Spectrum Technologies, Inc., Plainfi eld, IL). Mangiafi co and Guillard (2006) published research using the grass index. Soil volumetric water content was obtained using the Field Scout TDR-300 with 12-cm-long rods (Spectrum Technologies, Inc.). Three ratings were taken with the TDR in 2006 and fi ve ratings were taken in 2007 on each plot. Visual turf quality ratings were collected on a 1 to 9 scale, with 1 being dead, 6 being minimally acceptable, and 9 being lush, dense turfgrass. Measurements collected with the LI-COR sensor, GreenSeeker, Color Meter, and TDR at each individual rating time were averaged to reduce instrument noise and within plot variation. To account for spatial variation, measurements with the LI-COR and GreenSeeker units were taken from the same location in the center of the plots, facing north. The Color Meter, TDR, and visual measurements were taken within the same viewable region of the LI-COR and GreenSeeker. The 0800 h measurements were taken before mowing to minimize the eff ect of mowing on the ratings. Dew was removed from the leaf surface using a dew whip, because research has shown that dew causes lower R NIR /R Red ratios and a 40 to 60% increase in visible wavelength refl ectance (Pinter and Jackson, 1981; Jackson and Pinter, 1986) . Measurements were collected when the shelter was over the plots.
Data Analysis
Data were statistically analyzed separately for each experiment and measurement type using repeated measures analysis in a compound symmetry covariance structure with PROC MIXED of SAS (SAS Institute, Cary, NC). Random eff ects were replication, replication by treatment interaction, and residual error. Fixed eff ects were treatment, date, time, and all remaining interactions. Pearson correlation coeffi cients were calculated to assess the overall measurement relationships in each experiment using PROC CORR of SAS. , and 80% replacement of ET o at 244 kg N ha -1 yr -1 within each measurement type when the refl ectance sensors fi rst detected stress and wilt was fi rst observed on the plots. Spearman correlation coeffi cients were calculated to assess the relationships of the daily measurements using the SPEARMAN option with PROC CORR of SAS. The Spearman correlation procedure is a nonparametric procedure based on ranks. Ranks were assigned for each measurement type by arranging the data from smallest to largest value. Within this arrangement, each raw data point received a rank, beginning with the smallest value receiving a rank of 1. Ranks were then used in correlation analysis instead of the raw values as with traditional correlation procedures (SAS Institute, 2002) .
RESULTS AND DISCUSSION
Weather and ET o Based Irrigation
Mean weather conditions at the University of MinnesotaSt. Paul campus during each experiment were calculated using hourly data ( Weather conditions were more conducive for wilt during the summer months and less so in the fall. Sass and Horgan (2006) , studying creeping bentgrass ET in Minnesota, found ET o was overestimated during low ET periods. Therefore, it is likely the plots were overwatered during the fall relative to the treatments. This could explain the lack of wilt observed in Experiment 1 and the reduced wilt in Experiment 4.
Higher turf quality was also observed during these periods. Acceptable turf quality has been maintained over 10-d periods on creeping bentgrass under daily irrigation at 80% replacement of ET o during the summer in Minnesota (Sass and Horgan, 2006) . Compared to this research, the study by Sass and Horgan (2006) had greater irrigation frequency and shorter experiment duration. DaCosta and Huang (2006) found creeping bentgrass irrigated at 80% of actual ET maintained acceptable turf quality during the summer in New Jersey. During the fall acceptable turf quality was maintained at 40% actual ET (DaCosta and Huang, 2006) . In this study, acceptable turf quality during the fall was maintained at 60% replacement of ET o . DaCosta and Huang (2006) irrigated based on actual ET three times per week, which was diff erent from this study. Other authors have concluded irrigation frequency infl uences turf quality in creeping bentgrass (Jordan et al., 2003) . Published research results diff er possibly because of duration, environmental ET measurement method, and irrigation frequency diff erences. This demonstrates the need for long-term, local research and a standard for ET measurement.
Treatments
Repeated measures analysis of variance for each measurement and experiment is presented in Table 2 . Traditional GLM procedures report 1 df (the numerator degrees of freedom), because error degrees of freedom is used for the denominator degrees of freedom. Two degrees of freedom are presented (the numerator and denominator degrees of freedom), because mixed analysis uses a fuzzy estimate for the denominator degrees of freedom. Date and time were signifi cant (P < 0.05) in at least three of four experiments with each measurement form ( Table 2) . The date by time interaction was signifi cant (P < 0.05) in all experiments for the LI-COR, GreenSeeker, and TDR, and Experiments 1, 2, and 3 for the Color Meter. Reference ET was not signifi cant (P < 0.05) for any measurements, except the Color Meter (Experiment 3). Nitrogen was signifi cant (P < 0.05) for turf quality (Experiments 3 and 4), LI-COR (all experiments), GreenSeeker (all experiments), and Color Meter (Experiment 1) measurements, but not for the TDR. Reference ET by nitrogen interaction was not signifi cant (P < 0.05) for any measurements, except the GreenSeeker in Experiment 1. Reference ET by date interaction was signifi cant (P < 0.05) for turf quality (Experiments 3 and 4), LI-COR (Experiments 2 and 3), GreenSeeker (Experiment 3), and TDR (Experiments 2, 3, and 4), but not for Color Meter measurements. Nitrogen by date interaction was signifi cant (P < 0.05) for turf quality (Experiment 3), LI-COR (Experiments 1, 3, and 4), GreenSeeker (Experiments 3 and 4), TDR (Experiments 3 and 4), and Color Meter (Experiments 1 and 3) measurements.
Date and time signifi cance with each measurement form indicates daily and temporal variation within the data. This was expected, because plants constantly go through physiological changes, which alters their appearance, refl ectance, and the VWC of the soil (Knipling, 1970; Woolley, 1971 ). Guertal and Shaw (2004) The fi rst value is the numerator degrees of freedom and the second value is the denominator degrees of freedom. Mixed analysis procedures use fuzzy estimates for the denominator degrees of freedom, therefore, the numerator and denominator degrees of freedom are presented. ‡ Based on a 1 to 9 scale, with 1 = dead, 6 = minimally acceptable, and 9 = lush, dense turfgrass. § Signifi cant at the 0.1 probability level. ¶ NDVI = (R NIR − R Red )/(R NIR + R Red ). NDVI, normalized difference vegetation index; R NIR , near-infrared refl ectance; R Red , red refl ectance. # Θ, volumetric water content; TDR, time domain refl ectometry. † † Grass index = 4R Blue /(R Red − R Blue ). R Blue , blue refl ectance. signifi cant (P < 0.05) (Jordan et al., 2003) . The NDVI measurement of annual ryegrass under irrigation and nitrogen treatments found a signifi cant (P < 0.05) eff ect of irrigation in some cases (Baghzouz et al., 2006) . A study on bermudagrass under irrigation and nitrogen treatments found significant (P < 0.05) eff ects of irrigation and irrigation by season (Xiong et al., 2007) . In this research, irrigation treatments were designed to achieve varying stress levels to facilitate analysis of stress detection. Although irrigation treatments did not create signifi cant (P < 0.05) diff erences across entire experiments, variable levels of stress were created. Nitrogen levels were maintained on the same plots throughout the two growing seasons. Therefore, nitrogen treatments infl uenced all ratings from the fi rst day through the last day of each experiment, which led to the nitrogen and nitrogen by date interaction eff ects. Analysis of NDVI measurements on annual ryegrass under irrigation and nitrogen treatments found nitrogen signifi cance (P < 0.05) (Baghzouz et al., 2006) . Nitrogen and nitrogen by season interaction were found to be signifi cant (P < 0.05) in a study on bermudagrass under irrigation and nitrogen treatments (Xiong et al., 2007) . Nitrogen signifi cance suggests nitrogen will infl uence water stress detection. No ET o by nitrogen interaction was observed. A similar result has been observed on annual ryegrass and bermudagrass under irrigation and nitrogen treatments (Baghzouz et al., 2006; Xiong et al., 2007) . The reason for the lack of an ET o by nitrogen interaction is nitrogen fertility had an equal eff ect at all ET o treatment levels over the duration of each experiment. The remote sensors used in this research appear to be more sensitive to nitrogen diff erences than irrigation diff erences, but they can clearly detect diff erences between stressed and nonstressed turfgrass.
---------------------------------------TDR-Θ # ---------------------------------------
----------------------------------Color meter-grass index † † ----------------------------------
Measurement Correlation
Pearson correlations were calculated for each measurement within each experiment, because Levine's test for homogeneity found the experiment variances diff ered (Table 3) . Correlations were highest between the LI-COR and GreenSeeker sensors across experiments (r = 0.73-0.91). Positive correlation also existed between those sensors and turf quality (r = 0.42-0.71). Correlations were generally lower between VWC and turf quality, GreenSeeker, or LI-COR (r = 0.28-0.64). Correlations were even lower between the Color Meter and all other measurements (r = −0.28 to 0.54). All correlations were signifi cant (P < 0.01), except those involving the Color Meter.
High correlation between the two refl ectance sensors was anticipated as both sensors collect measurements in red and NIR wavelengths. Similar correlations between refl ectance and turf quality have been found in other research. Visual quality and NDVI were correlated on Kentucky bluegrass, tall fescue, hybrid bluegrass, and annual ryegrass under irrigation treatments (Lee and Bremer, 2006; Baghzouz et al., 2006) . Evaluation of tall fescue and creeping bentgrass National Turfgrass Evaluation Program plots showed NDVI is related to turf color (r 2 = 0.75 and r 2 = 0.41 for tall fescue and creeping bentgrass, respectively) (Bell et al., 2002b) . Turf quality and NDVI were correlated (r = 0.51) on bermudagrass under nitrogen and irrigation treatments (Xiong et al., 2007) . The correlations observed in this research between turf quality and VWC (r = 0.54 to 0.62) fall in the range of correlations observed by Dettman- Kruse et al. (2008) , who reported correlation between visual drought stress ratings on creeping bentgrass under defi cit irrigation treatments and VWC 1 d before drought symptoms (r = −0.60) and with drought symptoms (r = −0.52). Low correlation between refl ectance and VWC could have occurred for two reasons. First, unlike refl ectance measurements, VWC is not greatly infl uenced by moderate nitrogen rates. Second, the VWC measurement occurred over a small percentage of the plot (<4 cm 2 , three or fi ve times per plot), which could have infl uenced the ability to get an accurate estimate of the VWC. Low correlation between the Color Meter and the other measurements could also be attributed to a small sample area (~44 cm 2 , three times per plot). The sample area of the LI-COR sensor and the GreenSeeker was <2.3 m 2 . The plots used in this research were built fi ve years prior with a uniform greens mix. Since then there has been a history of localized dry spots across the plot area. Multiple measurements per plot were collected with the TDR and Color Meter in an attempt to minimize the eff ect of the localized dry spots. Based on the low correlations, the Color Meter measurements were excluded from further evaluation.
A potential reason for the low correlations not explored is the equipment itself. All technology-based measurements were collected at least three times and averaged to reduce equipment variability. However, this does not speak to the equipment's accuracy. Correlation between turf quality and refl ectance is probably most important for determining if remote sensors can detect drought stress before visual observation, because the visual signs of drought stress are an indicator of plant water need. The positive correlations between refl ectance and turf quality or VWC on creeping bentgrass under various stress levels suggests refl ectance can be used to monitor water and nitrogen stress.
Plant Stress Detection
Data analysis using contrasts and Spearman correlations on individual dates and rating times demonstrates early stress detection (Tables 4, 5 , 6, and 7). Tables 4, 5, and 6 compare treatment means for turf quality, LI-COR sensor, and GreenSeeker measurements at individual rating times before wilt and when wilt was fi rst observed on the plots during Experiments 2, 3, and 4. No data is presented for Experiment 1, because there was no substantial wilt on the plots during that experiment (Fig. 1) . Before wilt, contrasts of 20% replacement of ET o at 98 kg N ha -1 yr -1 and 80% replacement of ET o at 244 kg N ha -1 yr -1 had greater α probability values for turf quality (<0.01 to 0.20) than refl ectance measurements (<0.01 to 0.09). After wilt, α values for this contrast decreased for turf quality (<0.01 to 0.16) and remained low for refl ectance measurements (<0.01 to 0.05). Lower α levels indicate a lower likelihood of watering when irrigation is not required. The relationships between 20% replacement of ET o at 98 kg N ha -1 yr -1 and other treatments were illogical for turf quality before wilt, but were logical for the two refl ectance measurements before wilt. Logical ranking was based off anticipated stress, with 20% replacement of ET o at 98 kg N ha -1 yr -1 anticipated to have the most stress and subsequently the lowest mean. Eighty percent replacement at 244 kg N ha -1 yr -1 was anticipated to have the least stress and highest mean. When substantial wilt was present on the plots, the relationships between 20% replacement of ET o at 98 kg N ha -1 yr -1 and other treatments were similar for turf quality and refl ectance measurements. In addition, the relationships were similar to the relationships outlined by the refl ectance sensors before wilt. A similar trend arose when other treatments were compared. The similarity in assignment of low and high ratings to treatments ----------−1 to 1 ---------- . ‡ Based on a 1 to 9 scale, with 1 = dead, 6 = minimally acceptable, and 9 = lush, dense turfgrass. § NDVI = (R NIR − R Red )/(R NIR + R Red ). NDVI, normalized difference vegetation index; R NIR , near-infrared refl ectance; R Red , red refl ectance. ¶ Signifi cance (alpha value).
is quantifi ed in Table 7 using Spearman correlation coefficients. Before wilt, treatment ratings were well correlated between the two refl ectance sensors (average r = 0.81), but they were not between turf quality and refl ectance (average r = 0.66). After wilt, ratings by the two refl ectance sensors were still well correlated (average r = 0.92) and the correlation between turf quality and refl ectance increased (average r = 0.86). This analysis indicates that refl ectance . ‡ Based on a 1 to 9 scale, with 1 = dead, 6 = minimally acceptable, and 9 = lush, dense turfgrass. § NDVI = (R NIR − R Red )/(R NIR + R Red ). NDVI, normalized difference vegetation index; R NIR , near-infrared refl ectance; R Red , red refl ectance. ¶ Signifi cance (alpha value). . ‡ Based on a 1 to 9 scale, with 1 = dead, 6 = minimally acceptable, and 9 = lush, dense turfgrass. § NDVI = (R NIR − R Red )/(R NIR + R Red ). NDVI, normalized difference vegetation index; R NIR , near-infrared refl ectance; R Red , red refl ectance. ¶ Signifi cance (alpha value).
detected drought stress before visual observation, because it diff erentiated low and high stress treatments before visual wilt. Turf quality ratings only diff erentiated treatments once wilt was visually apparent.
Analysis of detection in individual treatments showed refl ectance measurements detected dry down before visual observation and occasionally before VWC. A dry down was defi ned as a measurement peaking and then trending in a decreasing fashion for more than one rating time. Figure  2 shows . A closer look at the 20% replacement of ET o at 244 kg N ha -1 yr -1 treatment during the stress period of the second experiment highlights two distinct dry downs (Fig. 3) . In this instance, refl ectance detected a dry down one and two rating times (18-24 h) before visual observation. In addition, refl ectance detected the dry down one rating time (18 h) before VWC in the fi rst dry down. Throughout the four experiments, the refl ectance sensors most often detected dry downs 6 to 24 h before visual observation. In a few instances, refl ectance sensors detected dry downs 30 to 48 h before visual observation.
Research by Park et al. (2005) on hybrid bermudagrass under treatments of daily irrigation, no irrigation, or surfactants followed by no irrigation, concluded that refl ectance sensors can detect water stress before visual observation. Dettman- Kruse et al. (2008) evaluating creeping bentgrass and perennial ryegrass found illogical ranking of visual quality ratings before visible drought symptoms and logical rankings after drought symptoms were visible. Using partial least-squares regression, Dettman- Kruse et al. (2008) found correlation between actual and predicted VWC on perennial ryegrass and creeping bentgrass plots 1 d before visible drought symptoms (r 2 = 0.49 and r 2 = 0.64, respectively) and on the day of visible drought symptoms (r 2 = 0.63 and r 2 = 0.71, respectively). Based on this research, it can be concluded that refl ectance sensors can detect water stress before visual observation. The occurrence of more detection with plots under greater water stress is a function of their greater propensity to wilt. The period of detection observed indicates that high sampling frequency is needed to detect plant stress before visual observation. Park et al. (2005) evaluated plots twice daily and Dettman- Kruse et al. (2008) evaluated plots daily when they detected stress before visual observation. Visual observation attributes the lack of detection after initial stress detection to the stressed plots sustaining some level of stress through the remainder of the experiment or the treatments being ended to preserve the plots for future experiments. Park et al. (2005) and Dettman- Kruse et al. (2008) ended treatments after wilt. Therefore, they did not experience multiple detections during the same experiments (Park et al., 2005; Dettman-Kruse et al., 2008) .
The near equal number of water stress detections before visual observation in each nitrogen treatment suggests that nitrogen did not infl uence the ability to detect water stress before visual observation. The results do show low fertility treatments had signifi cantly lower turf quality and refl ectance measurements than their high fertility counterparts. Xiong et al. (2007) studying bermudagrass response to nitrogen and irrigation treatments concluded that irrigation rate did not aff ect detection of nitrogen status with NDVI. Nitrogen fertility must be factored when determining water stress detection, but it will not aff ect water stress detection.
It is unclear how detection would be determined in real time. The option of using contrasts and correlations is not a good method to determine detection in real time, because they varied between experiments and in real world applications it is rare to have multiple treatments that could provide such information. With time series graphs it is diffi cult to differentiate dry downs from daily fl uctuations in the data. If dry downs are detected with time series graphs, stress may be visually apparent when it is detected, because of the short time period between refl ectance and visual observation. Even without knowledge of detection occurrence, the fact that refl ectance can detect stress before visual observation lends credibility to the use of refl ectance to monitor water stress.
CONCLUSIONS
Results indicate that (i) refl ectance measurements are related to visual assessment and soil moisture, (ii) refl ectance **Signifi cant at the 0.01 probability level.
***Signifi cant at the 0.001 probability level. † Based on a 1 to 9 scale, with 1 = dead, 6 = minimally acceptable, and 9 = lush, dense turfgrass. measurements can detect plant stress, specifi cally drought stress, 6 to 48 h before visual observation, and (iii) detection is not infl uenced by nitrogen fertility. Therefore, turfgrass managers could use refl ectance to monitor water stress and possibly schedule irrigation just before drought symptoms are visible. This is important because changes in water use legislation are occurring and aff ecting the availability of quality water for turfgrass irrigation. Although this research takes a step in the direction of improving irrigation protocols and reducing water use on turfgrass, more research is needed. Research is needed on the impact of management schemes and the environment on stress detection with refl ectance. Expansion of refl ectance measurement to landscape sites will raise new challenges, which will need to be solved. Irrigation protocols based on refl ectance measurements need to be developed and validated.
